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Iwo areas along the intertidal terrace at Santa Cruz, 
California, were surveyed for rock boring bivalves. At one 
location, all associated macroscopic epibenthic fauna and 
flora were identified and quantified. Rock samples were 


collected representing all rock types where borers were 
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found. Results showed that Penitella penita was the mos 
abundant rock borer in both locations, being found to 
heights of 2* meters above MLLW. The next most common 
borers were two species of Adula. Rock analysis showed 
that 32 out of 34 samples had calcium carbonate content 
less than 0.3% by weight, thereby indicating that in these 


locations the boring mechanism is probably not chemical. 
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CPR OBJECTIVE OF STUDY 

Because of the unique oceanographic environment of the 
Monterey Bay area, there is an abundant and diverse marine 
fauna and flora. This, coupled with the several research 
Institutions in the area, has provided numerous opportunities 
for biological research. As a background for the present 
study a proposed plan to construct a new breakwater at 
Monterey has provided impetus for a detailed ecological 
Study to serve as a reference baseline for any resulting 
ecological changes. Also, at the Naval Postgraduate School, 
there is an ongoing research program investigating the life 
history and distribution of rock boring bivalves unde» the 
direction of Prof. E. C. Haderlie. To date this research 
has stressed the subtidal portion of the Monterey Bay south 
of the Monterey Submarine Canyon, the intertidal regions 
being devoid of borers because of the hard igneous rock 
found around the Monterey Peninsula (Haderlie, 1976; 
maderlie, Mellor, Minter, and Booth, 1974). 

The object of this study was to expand the subtidal in- 
vestigation to. include two areas in the intertidal zone in 
the northern Monterey Bay to determine the general distribu- 
tion of stone-boring bivalves and the associated epibenthic 


fauna and flora of terraces of sedimentary stone. 


IL 





B. BRIEF RÉSUMÉ OF LITERATURE 

A search of the literature revealed that except for the 
work cited above, little has been published on rock-boring 
bivalves in the Monterey area. Addicott (1966) discussed 
fossilized rock-boring bivalves found in the Pliocene Puri- 
sima Formation near Pt. Santa Cruz. He reported that in 
fossiliferous sandstone 5 meters above sea level, Platyodon 
cancellatus was the main species Present This same m 
stone layer contained articulated valves of oaxidomus 
giganteus, Tresus nuttallii and Protothaca staminea. Greene 
(1977) reported pholad holes from dredged rock samples in the 
Monterey Canyon. . Three unpublished theses OS NE 
Burnett, 1972; and Minter, 1971) were devoted to subtidal 


boring bivalves off Del Monte Beach in Monterey. 
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τ ΞΗΟΠΠΕΤΟΣ ΠΕ MONTEREY BAY COASTLINE 


A considerable literature exists on the geology of the 
Monterey Bay coastline. The most recent and detailed study 
of the area is that of Greene (1977) which describes in 
detail the geology of the Bay area, both marine and terres- 
rial. 

To even the most casual observer there are striking 
differences in the geology of the coastline of tne Bay. In 
the southern portion of the Bay around the Monterey Penin- 
sula (Figure 1) the predominant geological formation is the 
Santa Lucia granodiorite, a Cretaceous rock of considerable 
hardness. In contact with this across the Tularcitos Fault 
which crosses the shoreline in the vicinity of Monterey is 
the Miocene Age Monterey Formation with its siliceous shale 
and siltstone. One of the identifying characteristics of 
this formation is the occurrence of numerous concretions 
which Bramlette (1946) stated were formed from surrounding 
siliceous material cemented by carbonate. Stretching from 
Monterey north to La Selva Beach, the coastline is composed 
of sandy beaches and dunes. Just inland of the sand dunes, 
the area is covered with alluvium, stream material, or bay 
and lagoon material. 

In the northern Bay near Santa Cruz the entire coast 
consists of sea cliffs composed of Quaternary marine terrace 


deposits overlying somewhat older sedimentary rock. At 


1:3 
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Figure 1. Index map of California showing general 
location of study areas. 
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Point Santa Cruz the latter consists of Pliocene Purisima 
Formation with its yellow sandstone and siltstone, while west 
of Point Santa Cruz the sea cliffs and tidal zone rock 
terraces are composed of layers of chert of the Monterey 
Formation. The softer cliffs along the landward «αρα ο c 
terraces are made up of the Pliocene Age Santa Cruz Mudstone 
of Clark (1966), a pale yellowish-brown siliceous organic 
mudstone of marine origin. Inland ENERO terraces are 
reported outcroppings of Santa Margarita Sandstone, Purisima 
Formation, metasedimentary rocks, granite, and older marine 
terraces. 

In summary, the rocks of the intertidal zone in the 
Southern part of Monterey Bay on the Monterey Peninsula are 
primarily of igneous origin and are extremely hard while 
those in the intertidal regions of the northern part of the 
Bay at Santa Cruz are of marine sediment origin and vary 


Erom hard to soft. 
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Å. PRIMARY REEF AREA 
l. General and Geological Characteristics 

The primary intertidal reef chosen for detailed 
study is within the Santa Cruz City limits between Almar 
Street and Fair Street in the 1200 block of West Cliff Drive 
at the base of the concrete stairs (36? 56.09! N 122? 02.51' 
W) used for παν occas (see Figures 1 and 2). The reef 
itself is of triangular shape being 42 m long at its great- 
est extent and 25 m wide at its widest. It is bordered by 
and contiguous with the 5 meter high cliff discussed pre- 
viously at the landward edge and surge channels on each side 
which open to the sea. The upper surface of the reef varies 
in elevation from 0.6 m above mean lower low water (MLLW) at 
the seaward edge to 3.1m above MLLW at its highest point 
next to the cliff (Figure 3 and Table I). Figure 4 shows 
several cross sectional profiles through the reef. The con- 
tours on the reef generally parallel the coast as indicated 
by profiles A, B, and C. Profiles D and E, which are perpen- 
dicular, show that the reef slopes up from the seaward point 
to a relatively high terrace then drops about 0.5 meter only 

to slope up again to the base of the cliff reaching its 

highest elevation there. 

The reef is composed of several horizons of sedimen- 


tary rock which dip one or two degrees in the seaward 
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direction, but strike parallel to the cliff. The seaward- 
most area (Section I of Figure 5) is a layer of relatively 
hard chert (Green, 1978, personal communication) with 
numerous potholes and depressions which form tidepools up to 
0.3 m deep and 0.5 m across. The bottoms of the tidepools 
are covered with a layer of sand and broken rock. Section 
II is a more abruptly sloping surface which slopes from 1.1 
m above MLLW at the seaward portion to 2.0 m at the landward 
portion. The rock grades from the hard chert at the lower 
level to a layer of siltstone, then a layer of chert, and 
finally a layer of somewhat softer, medium grained sandstone. 
Section III (Figure 12), the region of the high terrace with 
maximum elevation of 2.9 m above MLLW, is composed almost 
entirely of the medium grained sandstone with several 
shallow tidepools, the largest of which is 2 m across. The 
upper layer of this sandstone is high in iron content making 
it orange in color. Section IV is on the landward side of 
the terrace of Section II and slopes from the upper surface 
of Section III down to about 2.1 m above MLLW. The geo- 
logical composition varies from the medium grained sandstone 
sediment layer of the terrace to a hard chert layer at the 
lower landward portion of the section. There are no tide- 
pools in this section. Section V slopes upward from Section 
IV to the baseline of the study area near the edge of the 
cliff, reaching its highest elevation of 3.1 m above MLLW. 
This section is generally level, with numerous potholes and 


tidepools (Figure 13). The surface is generally a hard chert 
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similar to that found elsewhere in the reef but is finely 
fractured (Figures 14 and 15). When doing any excavations 
with a hammer, the friable chert shatters with conchoidal 
breaks. 

The vertical walls of the tidepools show a gradation 
from the friable fractured chert through a more solid chert 
to a softer fine grained siltstone at the base. Also, 
evident in this section are several rounded concretions 
(Figure 15) less than 0.25 m in diameter embedded in the 
chert plus one large doughnut shaped concretion about 1.0 m 
across. The concretions are dolomitized in that they have 
been subjected to pressure and/or elevated temperatures and 
thus metamorphosed (Greene, personal communication). 

Looking seaward, the seaward right flank of this 
section has been undercut by wave action which has eroded 
the upper portion of the softer layer of siltstone underly- 
ing the layer of chert. Thus the chert breaks off leaving 
this zone composed of the remaining flat siltstone (Figures 
im and 17). 

2. Wave and Tide Influence 

The seasonal wave regime on this part of the coast 
consists of storm waves and young swell in the winter season 
and typically long swell in the summer and early fall. The 


tidal datum planes relative to MLLW are as follows: 


Meters 
Mean higher high water (MHHW) Ju 
Mean high water (MHW) 1.4 
Mean tide level (MTL) 0.9 
Mean low water (MLW) ο. - 
Mean lower low water (MLLW) 0.0 
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The estimated highest water level is 2.4 meters above 
MLLW while the lowest water level is estimated at 0.8 meters 
below MLLW. 

Exposure of the reef is highly variable depending on 
tide and wave conditions. With low tide and calm conditions 
all sections are exposed, while at high tide and calm condi- 
tions all of Section I and portions of Section II are sub- 
merged or at least wetted by wave action. With low swell 
(< 0.6 m) Section I is awash at low tide while Section I, part 
of II, and part of V are awash at high tide. With larger 
swell (> 1.3-1.6 m) Section I and part of II are awash at 
Mow tide and Sections I, II, III, parts of IV and V are 
awash at high tide. Several times within the period of 
observation (February 1978 through July 1978) during stormy 
conditions waves were observed to completely μας 
entire reef up to the cliff base. 

The vertical edges of the reef along the surge 
channels vary in height from less than l1 m to more than 
3 m . Because of the vertical nature of the walls with few 
horizontal ledges or edges, very few tidepools are present 
and those that are present are small, being less than 15 om 
in diameter and less than 2 cm deep (Figures 18 and 19). 
These vertical faces clearly show 4 layers of sedimentary 
rock; the upper sandstone layer, exposed in Sections II, III, 
IV, the hard chert layer exposed in Section V, a hard silt- 
stone layer exposed in Sections IV, V, and then the hard 


chert layer exposed in Section I. The surge channels them- 
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selves at the beginning of the observations were relatively 
free of sand while by July sand had accumulated to a depth 

of about 1.5 m at the head end decreasing to about 0 m at 

the seaward end of the channel. This had the effect of bury- 


ing under sand various portions of the vertical face. 


BR  TRANSECT AREA 

In order to compare the primary reef studied with a 
much wider, gently sloping terrace, a second area was 
selected for study. This area is located approximately half 
way between Natural Bridges State Park and the University 
of California Marine Laboratory on Terrace Point. 

The wide reef (Figure 20) of the transect area slopes 
gently down from the base of the cliff. The elevation of 
the area studied varies from MLLW at the seaward point to 
2.5 meters above MLLW at the landward point 41 meters away 
(Table I and Figure 6). The surface of the reef is essen- 
tially a single layer of sedimentary chert with several 
tidepools at the lower levels (Figure 21). These tidepools 
vary in size up to 1m across and up to 0.75 m deep. The 
rock is somewhat fractured at the upper level (Figure 22) 
but relatively unfractured at the lower levels (Figure 23). 
No concretions or surge channels occur in this area of study. 

The exposure of the terrace is highly dependent on tide 
level and swell condition. The upper portion is wetted only 
with extreme tide and swell conditions as most of the wave 
energy is dissipated in turbulence at the lower levels on the 


long gradual run up. At low tide and with calm seas the only 
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regions wetted are those in the tidepools. The first 25 
meters or so of the sloping terrace above MLLW are usually 


wetted by normal high tide conditions. 
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Er. SITE SELECTION 

The sites were chosen to include two rather different 
but typical areas of the Santa Cruz coastline. The primary 
reef site was chosen because it was large and fairly typical 
Of several along the shore. It also has the advantage of 
having concrete stairs nearby which facilitated the movement 
of survey equipment, buckets of specimens and other neces- 
sary items. The rock platform was also selected because it 
ses representative number of tidepools and enough. 
relief is available to expose several intertidal zones. 
Also, the area is large enough to allow a fairly diversified 
population to exist. The transect area was chosen because 
it is representative of the broad, gently sloping terrace 
characteristic of the shore west of Natural Bridges State 


Beach. 


E SITE DIVISION, MARKING, AND MAPPING 

l. Primary Area 

After the primary reef was selected it was decided 

to examine the reef systematically by dividing the site into 
sections of approximately 25 square meters (5 x 5 m squares 
or quadrats). This size quadrat was small enough to allow 
careful examination. To divide the reef into quadrats, two 
orthogonal reference lines were marked. One longitudinal 


line on a magnetic bearing of 297° divided the reef length- 
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ways, running from the seawardmost point of the reef to a 
point that bisected the landward portion of the reef (Figure 
3). This range line was marked by driving into the rock a 
stainless steel marker at the seaward point, a stainless 
steel marker on the terrace in Section III of Figure 5, and 
a lag bolt in the face of the cliff. To establish the land- 
ward edge of the study area, a base line perpendicular to 
the longitudinal line and roughly parallel to the cliff was 
constructed. This was permanently marked also by driving 
metal stakes into the rock at each end of the line. 

Having completed these two reference lines, the reef 
was further divided by marking lines 5 and 10 m on either 
side of and parallel to the longitudinal reference line. 
These were permanently marked by driving metal stakes into 
the rock and cliff at each end of the line and on top of 
the terrace where 3 of the 4 lines pass over it. The remain- 
ing lines, those parallel to the base line, were marked in 
5 m increments as needed. 

ο στο: examination commenced at the baseline so 
that a line parallel to and 5 meters seaward of the baseline 
was marked and those quadrats along the baseline examined. 
Upon completion of examination of those quadrats, another 
line 5 meter seaward was marked and the next echelon of 

quadrats examined (Figure 24). After the entire upper sur- 
...ς was examined in this fashion, the areas along the verti- 
cal faces were examined. These were marked by suspending 
a weight on a line from the marking stakes at the edge of the 


upper surface (Figure 25). 
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An examination of Figure 5 shows that all of the 
central quadrats are 5x5 m. Those quadrats along the edge 
of the reef vary in size because of the shape of the reef. 

As one looks seaward, the numbering system for the 
quadrats starts at the landward left flank and proceeds 
left to right, thence seaward 1 echelon and left to right 
again. This was repeated until the entire surface was 
covered. To differentiate the quadrats from those in the 
transect study area the numbers are prefixed by a Q. The 
vertical faces are numbered the same as the quadrat to which 
they adjoin on the upper surface and are suffixed by a D to 
distinguish them, for example Ql and Q1D. The only devia- 
tion from this is Q8A which occurs between Q8 and Q9. 

AS each quadrat was examined, the outer boundaries 
were measured and a scale map was drawn on a sheet of graph 
paper. In addition, the major topographic features were 
noted on the map. This allowed the individual quadrate maps 
to be put together and one composite map to be drawn. 

2.  Transect Area 

The site chosen was examined using the standard 1 m 

transect swath. One stake was driven into the rock substrate 
at MLLW and one stake in the rock at a point above the high- 
est level of algae growth 41m away, both on the transect. 
A line stretched between these stakes and marked off in ım 
increments served as the midline for a 1m wide transect 
swath down the terrace (Figure 21). 

The mapping of these squares was conducted at the 


Same time that the general fauna and flora were examined. 
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eee VERELCAL ELEVATION DETERMINATION 
l. Primary Area 

The primary area was surveyed using a Dietzgen 6000 
series surveyors transit with standard Philadelphia rod 
(Figure 26) and converting the readings to metric measure- 
ments. A record from a previous study of the area conducted 
for other purposes in 1962 was obtained from City Hall in 
Santa Cruz. Using several of the points surveyed during 
that effort, an elevation reference point along the baseline 
was established. Then, using this reference, points approxi- 
mately 2.5 m apart were surveyed over the entire reef. 
Figure 3 gives these values while Table I gives the aerate 
elevation of each quadrat located on the upper surface 
determined by averaging all elevation values located within 
the quadrat. 

2. Transect Area 

The elevations of this area were measured in the 
same way. Fewer readings were made because of the straight 
Mature of the transect. Also, no absolute readings could 
be made due to the lack of any reference bench mark nearby. 
Thus, the lower stake was taken to be at MLLW as determined 
using tide tables, time of emplacement of the stake, and 
location of emplacement relative to water level. Figure 6 
Shows the elevation readings made along the transect plus a 
cross-sectional profile of the transect along the longitudi- 
nal axis of the transect. Table I gives the average height 
above MLLW determined by using a linear interpolation between 


the surveyed elevations. 
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D. OBSERVATIONAL TECHNIQUES 


1. Gross Topography aide pepe mente 
Species Identirfleartıon 


The preliminary work on each quadrat in the primary 
reef area consisted of describing the quadrat in terms of 
gross features, both geological and biological, plus making 
measurements for the subsequent map. This was followed by 
closer examination of the surface, crevices, and potholes in 
a back and forth sweeping motion across the quadrat to ensure 
all portions were examined. During this examination the 
identity of all macroscopic sessile species of animals and 
plants were recorded along with a notation of their relative 
abundance. If a new or unknown species was encountered, a 
sample was taken and labelled for laboratory study. Once 
the observer gained familiarity with those cido present, 
most organisms could be identified in the field. The great- 
est difficulty was with the red algae, which often requlres 
microscopic examination before identification is possible. 
From the onset, a representative sample of every specles 
properly identified was kept and preserved, thereby greatly 
facilitating identification of similar species found later. 

The effort in the transect area was slightly differ- 
ent in that the emphasis was mainly on the borers, hence 
only a cursory check of the epibenthic animals and plants 
. Was conducted. As the squares were only 1x 1m, a few scans 
back and forth across the square was all that was required 
to identify and quantify the major organisms present. As no 


Species not found earlier on the primary reef were encountered, 
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it was not necessary to collect samples for later identifica- 
tion. Notes pertaining to topography of each square were 
also made. 

2. Borer and Nestler Identification 

Attempting to locate boring bivalves inside solid 
rock is certainly not easy. This is made more difficult be- 
cause the examination of the quadrats was done when 
the water level was below the rocks ee examined. This 
aerial state caused the bivalves to withdraw their siphons 
at least into the burrow. This meant that chipping away the 
rock was the only way to expose the specimens. For this 
purpose a geologist's rock pick was used at first. It was 
later found more convenient and more manageable to use a 
heavy duty 0.75 inch cold chisel and a 2 pound sledge hammer 
(Figure 27). This allowed more delicate work around the 
vicinity of specimens when trying to excavate a live speci- 
men from its burrow. 

While the only way to find, identify and quantify 
borers 15 το physically dig them out of rocks, it is also 
apparent that one cannot dig up over 1000 m^ of püblic 
recreational area. Thus it was necessary to use discretion. 
The basic premise was to use approximately the same amount 
of time and effort in the search in each quadrat. Each of 
the various types of rock and habitat (chert, sandstone, 

E i atone, tidepool, upper surface, crevice, etc.) were 
sampled in each quadrat. This allows one to draw conclusions 
as to the relative abundance of each species and its distri- 


REEtiron relative to tidal zone. 
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Im ehe case of the Pholadidde, it is possible to 
differentiate between the active borers who are sexually 
immature and the sexually mature individuals who have ceased 
to bore. All of the actively boring pholads have an open 
pedal gape through which the foot extends. The shell - 
margins, along this anterior end, are ribbed presumably to 
aid in mechanical boring and have a hardness of 3.5 - 3.9 on 
the Moh's scale (Evans, 1968a). The sexually mature adult 
specimens of Pholadidae, with the exception of Zirfaea 
prlisbryri and Barnea subtruncata, neither of which were found 
in this study, possess a callum which is a thin calcareous 
covering secreted over the pedal gape. Additionally, 
Penitella penita and Penitella conradi develop a siphonplax, 
in the former case heavy flexible chitinous flaps and in 
the latter case heavy inflexible chitinous flaps lined with 
coarse calcareous granules. 

All specimens of live borers and nestlers which 
were encountered were saved for later positive identifica- 
tion and preservation in the laboratory. This was required 
to separate the pholads Penitella penita and Penitella 
conradi in the boring state since identification required 
examination of the distal end of the extended siphons. 
Generally, whole specimens were obtainable but occasionally 
the rock surrounding the burrow would collapse during the 
Re Varıonser orts ond erushn part or all of the specimen. 
Nevertheless, these were saved for microscopic examination 


which often allowed identification of even the most severely 
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damaged. Concurrently with the collection of the boring 
bivalves, a sample of rock in which the borers were found 
was saved and later analyzed for carbonate content. 

Identifications of all species of algae were made 
using Abbott and Hollenberg (1976); invertebrates in general 
were identified using the keys in Smith and Carlton (1975), 
while the boring bivalves were identified using Turner (1955). 
Dr. I. A. Abbott personally identified many questionable 
algae. 

3. Underwater Observations 

A cursory underwater survey consisting of four man- 
dives in the primary reef area was completed using standard 
open circuit SCUBA equipment. The survey was conducted by 
swimming out on a straight line from the apex of the reef 
on approximately the same compass heading as the longitudinal 


line of the primary reef (i.e., πη, 


M). While swimming out 
to a point where the water depth was 8 m, observations were 
made on either side of the swimmers to the edge of visi- 
bility. This meant an area 5 m wide was covered with notes 
made on an underwater slate as ποσα topography, geology, 
and organisms present. The two pound sledge hammer and chisel 


were carried and used on various rock areas in the search 


mor borers. 


"Εξ. CARBONATE ANALYSIS 
Carbonate analyses were made on selected rock samples in 
order to determine to what degree pholad-bored rocks were 


cemented by calcium carbonate. Those samples of rock saved 
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for carbonate content determinations were analyzed using a 
Leco W12 Carbon Determinator (Model 761-100) at the U. S. 
Geological Survey Annex in Menlo Park. The technique used 
was a basic method, 1.e., subjecting the sample to HCl acid, 
measuring the CO, gas given off and then calculating the 


CO, of the sample based on the reaction: 


CaCO, + 2HC1 E H,O s CO, + Call, 


Assuming calcium carbonate is the only carbonate present, 
then the percent composition of CaCO4 can be calculated. 

Specifically, the sample of rock was either scraped or 
broken so that a piece from the center of the sample could 
be obtained. This was done to ensure that no contamination 
from organic carbonates occurred. The sample of rock was 
then crushed with a mortar and pestle until the sample 
could be passed through a Tyler screen with a mesh opening 
of 0.495 mm. The sample was then dried by subjecting it to 
heat in a drying oven. From each rock, three samples were 
taken and analyzed, calculations completed, and then an 
average taken. 

The treatment of each sample was the same, with approxi- 
mately .050 to .070 g of the sample being used. Approximate- 
ly 10 ml of 10% HCl was added to the sample which was then 
heated by an alcohol lamp to help drive the reaction to 
completion. The gas was passed through a sulfuric acid 
solution and several other reagents to absorb the H50 ; 


halides, hydrocarbons, and other elements leaving only the 
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CO, gas from the reaction. This gas was then passed through 


2 
the carbon determinator. 

The Leco WR-12 carbon determinator uses a thermalcon- 
ductivity cell which has the ability to detect the difference 
in the thermalconductivity of gases. The cell consists. of a 
pair of matched thermistors used in two legs of a Wheatstone 
bridge. The "reference" thermistor is maintained in a con- 
stant gas (05), pressure, flow, and temperature environment 
while the "measure" thermistor is maintained in a constant 
pressure, flow, and temperature environment, but the gas 
composition is allowed to vary. Once the bridge is balanced, 
varying the gas allows the thermistor temperature to change 
due to difference in thermalconductivity. This will cause 
an output to be available in the preamp of the electronics 
System which gives a meter reading. The amount of CO, in 
the "measure" gas determines the magnitude of reading, with 
the sensitivity of the system governed by the difference in 
thermalconductivity between the CO, and the 0, (thermalcon- 
Buetivity for 0, 33 15.7 X S calories/cm sec °C and that 


9 


for CO, is 3.3 x 10°” calories/cm sec °C). The advertised 


2 
sensitivity of the system is 0.005% carbon with an accuracy 
of + 0.0005% carbon which equals 0.0417% calcium carbonate 


η επ accuracy of + 0.005175. 


mr. PETROGRAPHIC ANALYSIS OF ROCK SAMPLE 
In order to determine the mineral constituents of the 
chert, a sample from Section V was obtained from the seaward 


right flank where wave attack is most severe. This rock 
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sample was forwarded to Dr. Greene at the U. S. Geological 
Survey Annex in Menlo Park who had a thin section made. 
Florence Lee-Wong, a petrographer at the Geological Survey 


Annex, then conducted an examination of the thin section. 
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V. OBSERVATIONS AND RESULTS 


A. PRIMARY REEF AREA 

One of the goals of this study was the identification 
and quantification of the epibenthic organisms on an inter- 
tidal reef. The data collected is presented in Table II 
which lists the 42 species of marine plants and the H0 
species of invertebrates identified. The highly mobile 
animals, such as the lined shore crab, Pachygrapsus cras- 
pe απο πο listed nor are Species of algae that were 
not attached to the substrate. 

Table II shows that as one progresses out toward the 
apex of the reef, there is a smaller and smaller population 
of green algae (Chlorophyta). The brown algae (Phaeophyta) 
show the same trend with the exception of Laminaria sin- 
clairii and Egregia menziesii which become the dominant two 
Species in the wave swept lower terrace (Section I). The 
red algae (Rhodophyta), while having the largest number of 
species present, has a smaller biomass than the browns. 
Likewise, there is a trend toward smaller biomass as one 
approaches the apex of the reef. The two notable exceptions 
to this are: (a) the epiphytic Smithora naiadum growing on 
the surfgrass, Phyllospadix scouleri, which becomes abundant 
in the lower reaches of the intertidal reef, and (b) 


Erion tis kamecolLata . 
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ΕΡΕ ΕΕ. 


List of Species (cont.) 


Symbols used in table: 


Jl 


Rare 


Common 
Abundant 


Present 


found only singularly or occasionally 
in quadrat 


found frequently in quadrat 
found in large numbers in quadrat 


in quadrat, quantity given in other 
tables 


H L 





In the case of animals, as the apex is approached the 
numbers of Tegula funebralis, Littorina planaxis, and 
Littorina scutulata decrease indicative of the fact that 
these species are high intertidal dwellers. Conversely, 
Anthopleura elegantissima, Mytilus californianus, and 
Pollicipes polymerus become more numerous. Of particular 
interest was the increasing abundance of Phragmatopoma 
californica colonies as the seaward portion of the reef is 
approached. Massive tube worm clusters were encountered 
along the vertical faces as well as along the upper surface 
of the lower part of the reef. Some of the colonies of 
worms reached dimensions of several meters long and more 
than 0.3 m thick. Figure 28 shows the massive numbers and 
size of these colonies along the western flank of Section I. 
Figure 29, a close-up, shows Pollicipes polymerus growing 
through the tube worm colony. 

Figures 7 and 8 and Tables III and IV list the numbers 
of the various Boring bivalves found in the quadrats. 
Penitella penita is by far the most common borer in this 
intertidal area which agrees with observations made by 
Evans (1968c) for the Oregon intertidal zone and by Tuner 
SE Lo ο Ες «δεν Pacifici Ocean in general. P. penita 
were found in virtually every type of rock on the reef with 
the exception of the fractured, friable chert in the higher 
intertidal area. This could be due to the hardness of the 
rock which might prevent boring or to the dryness during 


the low tide conditions killing the young larvae. Table III 
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QUADRAT 
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Numbers of Penitella penita (according to boring stage) found in 


primary reef area. | 


Figure T7. 
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QUADRAT 


Number of borers other than Penitella penita found in the primary reef area. 


Figure 8. 








TABLE IV 


List of Borers Other Than Penitella penita 


Quadrat 
Q3 
Q7 


Q8 


Q8A 
011 
012 
013 


018 
020 
021 
023 


Q24 
Q25 


Q26 


027 
Q28 
031 


032 
Q8AD 
0250-0353 


Found in Primary Reef Area 


Species 
Adula californiensis 


Adula cali orniensis 


enc eS “πὶ 


Adula californiensis 
Netastoma rostrata 








Adula californiensis 


Adula californiensis 


Lithophaga plumula 
Adula californiensis 


Adula falcata 
Penitella gabbii 


Netastoma rostrata 





Parapholas calıfornica 


Adulay Galatforniensis 


Wc fc cuta 


Adula californiensis 
Adula falcata 





Adula californiensis 
Netastoma rostrata 
Adula falcata 


Adula californiensis 
Adula californiensis 


Adula californiensis 
Adula falcata 


Adula californiensis 
Netastoma rostrata 





Adula californiensis 
Adula californiensis 


Adula californiensis 
Netastoma rostrata 





Adula californiensis- 


Aduüla californiensis 


Penitella gabbii 
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and Figure 7, a breakdown of the numbers found in each 
quadrat, show that approximately half of the population was 
in the young active boring state while about half were in 
the sexually mature non-boring state (318 vs 323). The 
larger populations were found in those quadrats along the 
western surge channel and the higher sandstone terrace. 
Figure 30 shows how dense the population of P. penita can 
be with in excess of 10 specimens visible in an area 5 x 

15 cm (1 cm of surface rock has been removed). Along the 
surge channel this high population density would be ex- 
pected since; a) these rocks are wetted with even minor 
wave conditions, and b) numerous tidepools are present 
which provide suitable moisture conditions. On top of the 
terrace in Section III, the substrate is softer and a large 
tidepool is present, thus one would expect a larger popula- 
tion of borers. The quadrats in Section II are composed of 
the finer grained siltstone and are wetted at all but the 
lowest tide conditions thus making a seemingly good environ- 
ment for borers. 

Figure 7 and Table III show that Penitella penita was 
found in a weathered concretion located in Quadrat Q24D, 
tne only such find im concretions in this study. This con- 
cretion was the only rock which had an appreciable amount 


tacos CTablesVIIIJ. 


3 
Figure 8 and Table IV give the numbers of the other 
species of borers that were found in the reef. The second 


most common borer was Adula californiensis. This species 
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was the most numerous along the top and seaward edge of the 
soft, large grained sandstone terrace. The other species 
present in small numbers were Aida falcata, Lithophaga 
paa entrete abba pnolas californica, and 
Netastoma rostrata. i ΄ 

The majority of the Penitella penita removed were 
Durrowine in roughly horizontal directions. As this is the 
lay of the bedding planes, it is speculated that this 
direction offers less resistance to boring. It was also 
τ o πο individual ES penita shells care hignly 
variable. Some were bent almost 90? at the siphonoplax end, 
turning so that an originally vertical burrow at the opening 
ΠΕ finterionr end Ῥοπε οἱ the P: penita 
shells were short and "dumpy" being almost as wide at the 
anterior beak end as they were long. Others were almost 
twice as long as they were wide. This is in agreement with 
Evan's (1968b) statement that rock hardness affects shell 
shape and thickness, with harder rock causing more variable 
and thicker valves. 

The size of the Penitella penita covered a large range: 
ο ο ο, em Tor poring specimens and 1.1 to 5.7- cm- for 
non-boring specimens. The 5.7 cm adult is probably near 
the maximum size attainable by P. penita. Measurements of 
extended siphons of P. penita in dishes of running seawater 
indicate that the siphon can be extended at least 1.5 times 
the length of the shell. Thus to completely examine an 


area, locating all specimens (assuming the 5.7 cm is the 
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maximum size) would require removing about 15 cm of rock, 
a feat likely to be frowned upon by environmentalists even 
were it feasible. 

Only the live specimens were counted and recorded. 
Those quadrats on the leading edge of the sandstone terrace 
as well as some of the quadrats along the western surge 
channel had numerous dead Penitella penita shells. Also 
not reported in Figure 8 was the uncovering of 2 Parapholas 
californica shells, one in Quadrat 8 and one in Quadrat 13. 
The shell in Quadrat 8 measured 7.5 cm long while the shell 
in Quadrat 13 measured 5.1 cm across at the beak (anterior) 
end and 4.5 cm long with extensive shortening of the shell 
having occurred because of substrate erosion. Based on the 
excellent condition of the chitinous flaps at the posterior 
end of the 7.5 cm specimen, death was assumed to have 
occurred within the past few months. Thus, this high in- 
tertidal reef environment was capable of sustaining borer 
life long enough to allow them to attain a large size. 

The only other common genus of borers found was Adula, 
represented primarily By Adula californiensis with a few 
individuals of Adula falcata. These were found primarily 
in the softer rock of the sandstone terrace and its seaward 
edge. The borers Lithophaga plumula, Penitella gabbii, and 
Netastoma rostrata, while occurring in the area, were some- 
what scarce. 

The nestler group is composed of six species, the most 


common ones being Semele rupicola and Hiatella arctica. 
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Table V and Figure 9 give a detailed breakdown of species 
and numbers found. The overall distribution of nestlers 
parallels that of the borers in that they are most numerous 
aleng the western surge channel, upper sandstone terrace, 
and the terrace's leading edge. F 

The distribution of borers and nestlers seems to indi- 
cate that they prefer an area of fairly frequent inundation 
by fresh cool ocean water rather than being in a tidal pool 
where the water stagnates between tidal cycles as well as 
undergoing considerable warming between tides. 

The primary reef is a dynamic area. At the commence- 
ment of the observations there was practically no sand on 
top of the reef and very little at the head of the surge 
channels. The depth of sand at the head of the surge 
channel increased by 1 m ina period of 4 days and then 
decreased by 1 m in one week. Concurrently with the deposi- 
tion of sand in the surge channels, Quadrats 1, 2, 3, 5, 6, 
7, and 10 were covered with sand which remained. This 
might be part of a periodic beach cycle and may explain the 
sparsity of borers which can have a life span of several 
years. As the observations progressed, more and more of 
the reef in Sections IV and Y became covered with sand. 

Also quite variable was the quantity of green algae 
CChlorophyta) particularly on the upper terrace. At the 
onset virtually every square centimeter of the terrace was 
covered by green algae. Toward the beginning of summer 


(June and July), wind patterns and sea conditions moderated, 
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Numbers of nestlers found in primary reef area. 
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TABLE V 
List of Nestlers Found in Primary Reef Area 


Number 
Quadrat Species Present 


07 Petricola carditoides 


Semele rupicola 
Platvodon cancellatus 
Keılgar aperousıı 


08 Platyodon cancellatus 
Petricola carditoides 


Hiatella arctica 


CES Platyodon cancellatus 
Petricola Caral toldes 
Semele rupicola 
Protothaca Staminea 
Hiatella arctica 


Q14 Hiatella arctica 
Petricola cardıtoides 


Protothaca Staminea 


Q18 Hiatella arctica 
Protothaca Staminea 
Semele rupicola 














Q19 Petricola carditoides 
Platycodon cancelratus 
> Semele rupicola 
021 Semele rupicola 1 
022 Petricola carditoides 
023 Hiatella arctica 
Q26 Hiatella arctica 


Petricola carditoides 
Semele rupicola 





dad Semele rupicola 1 
028 Platvyodon anc ellatüs 
Semele rupicola 
Q29 Hiatella arctica 
030 Semele rupicola 
eT Hiatella arctica 


Petricola carditoides 
Semele rupicola 


Q32 Hiatella aretica 
Petricola carditoides 


Q8AD Platyodon cancellatus 
0250-0350 Hiatella arctica l 


EOF Ne Pee RP a PS co Per Py an Pw FPP PPP CO B3 QOO tO 45. bs pp 45. O3 CO ES 9 


Petricola carditoides 
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reducing the amount of reef wetting that occurred.  Coupled 
with this the increased duration and intensity of solar in- 
solation resulted in a rapid disappearance of most of the 


algae on the terrace leaving barren sandstone. 


B. TRANSECT AREA 

The results of the survey for borers in the transect 
west of Natural Bridges State Beach are presented in Figure 
10 and Table VI. Only those quadrats that had borers or 
nestlers are graphed, or ll out of 41 quadrats. Borers 
were found in 10 of these quadrats (24.4%) at elevations of 
l m above MLLW or lower. Again Penitella penita was the 
most common species of borer with about half in the boring 
state and half in the non-boring state. The other borers 
a nokUde dw, eu ger Merornlensis, Penttella gabbii, and Neta- 
Een oon mien smaller numbers. The nestlers 
(Figure 11 and Table VII) were represented by only three 
species, Hiatella arctica the predominant one, Petricola 
carditoides next, and Semele rupicola the least abundant. 
They too were found at elevations equal to or less than 1 m 
above MLLW. 

A detailed study of the epibenthic animals and plants 
πας πο CONnGUCIECG s ef rom saecursony look at each of the 
quadrats, the dominant animals on the terrace were large 
Beds of mussels, Mytilus californianus, Quadrat N-1 to N-18. 
Anthopleura elegantissima was found in several of the tide- 
pools landward to Quadrat N-19. The plants above Quadrat 


N-32 consisted of dead and deteriorating Enteromorpha linza. 
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Figure 10. Numbers of borers found in transect study area. 


Sr 





Quadrat 


Nl 


N2 


N3 


NS 


N7 


N8 

N10 
N11 
N14 


Penitella penita 
Penitella 


Penite lla 


Penitella 


Penitella 


Penitella 


Penitella 


Penitella 
Penitella 


Penitella 


Penitella 


Penitella 


Penitella 
Penitella 
Penrtelr3 
Netastoma 


Penitella 


TABLE VI 


Species 


penita 


penita 


Penita 


penita 


penita 


penita 


penita 
gabbi11 


penita 


penita 


penita 


penita 
penita 


penita 


ο ο Borers Found in Iransect Area 


(Boring) 
(non-boring) 


(Doring) 
(non-boring) 


(boring) 
(non-boring) 


(boring) 
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τ ΕΡΕ ΠῚ 


List of Nestlers Found in Transect Study Area 


Number 

Quadrat Species Present 
Ni Hiatella arctica 8: 
Petricola carditoides 2 
Ν2 Petricola carditoides 2 
N 3 Hiatella arctica 2 
N5 Fragen ararerica 5 
N6 Petricola carditoides 3 
N7 Hiatella arctica 1 
Petricola carditoides m 
N8 Semele rupicola ji 
N14 Semele rupicola 1 
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From Quadrat N-4 through N-32 live Enteromorpha linza 
patches were found while Gigartina papillata was found 
from Quadrat N-7 to N-32. The quadrats from N-1 through 
N-11 supported Iridaea flaccida, Egregia menziesii, 
Phyllospadix scouleri, Pterosiphonia bipinnata, Chaeto- 
morpha linum, and Ulva lobata in varying numbers. Some 


Rhodoglossum affine was found in Quadrats N-30 through N-32. 


C. UNDERWATER SURVEY 

The primary result of the dives was the observation 
that there are few rock outcroppings of any size. The 
bottom is generally flat with isolated rocky patches that 
protude above the bottom, usually less than 0.5 m. These 
outcroppings are entirely covered with algae, particularly 
kelp. Those surfaces that were cleaned of algal growth 
appeared to resemble the chert of the intertidal terrace. 
Efforts to quarry portions of the rock for investigation 
generally proved fruitless because of the reduced hammering 
effectiveness in the water and the rock hardness. Those 
small pieces that were broken off yielded no borers and 
only 1 Hiatella arctica. 

A second finding that has a major impact on the distri- 
bution of rock borers was the vast coverage of sand on the 
ocean floor, with even the depressed areas around kelp 
holdfasts sand filled. 

While swimming through the surf zone, an area was ob- 
served that had been swept free of sand. This one area 


was a flat surface of siltstone that was free of any 


ο 





attached plants.  Evident on the surface were indentations 
characteristic of the pholad holes found in other rocks in 
the intertidal regions. Surge in the surf zone however pre- 


vented the divers from conducting closer examinations. 


D. CARBONATE ANALYSIS 

The results of the carbonate analyses are listed in 
Table VIII which gives the amount of inorganic carbon mea- 
sured as CO. and the amount of carbonate calculated. It is 
evident that with the exception of the concretion and one 
rock sample, there are extremely small amounts of CaCO. , 1ce, 
< 0.85 Caco). This indicates that the borers are probably 
dependent on some other means of boring than chemical dis- 
solution of rock substrate or cementing agent. This poses 
an interesting and unresolved question because some of the 
rock is extremely hard, resisting excavation efforts using 
a 2 pound sledge hammer and chisel. Hardness tests were not 
conducted since there is no universally acceptable method 
for testing sedimentary rocks as hardness depends not only 


on the individual constituents but also the cementing agent. 


E. PETROGRAPHIC ANALYSIS 

Florence Lee-Wong of the U. S. Geological Survey provided 
the following petrographic analysis of the chert sample from 
Section V of the reef: 
Source: Monterey formation 
Name: Sly” Bro center Chen. 


Composition: 90-95% siliceous biogenic hash-radiolaria, 
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TABLE VIII 


Table of Inorganic Carbon, Carbonate and Assumed 
Calcium Carbonate Content of Various Rock Samples 


Percent Percent Percent 
Quadrat inorganic car- calcium 

carbon bonate carbonate 
Q8 02085 ο ο 0.38 
08 0.09 0.45 0.74 
on? UI 0.14 0.24 
Q13 020% ORS, 0.08 
018 0.01 0.07 eant 
Q19 0.09 0.43 ο το 
022 O10 1: ο ο 02122 
023 Oo 0.05 0.08 
Q24 0.01 0.04 Qe 
Q24D 0.07 0.37 0.61 
Q24D 0.62 3.09 5.16 
Q24D(concretion) 9.82 49.10 81.84 
025 0.04 ο ον 0.36 
075 OS) ο. ος 0:09 
Q26 0.02 0.08 0.14 
026 0.03 0.14 0,2% 
027 0.03 0.15 0.26 
Q28 0.04 0.19 0.32 
030 0.05 0.25 0.42 
031 Πο] 0.03 0.04 
032 29€ 0.1u 02 
035 0.02 om 0.19 
Q29D-Q35D 0.03 0.16 E 
N1 ADS 016 Zr 
N2 0501 ο ον Oo 
N3 DOS 0.14 02:3 
N4 DOS 0.44 0.74 
N5 0.03 USES 0r 207 
N6 0r 0 7 ο 
N7 ο. ο 023 0238 
N8 ges 0.24 0539 
Nil 0203 Oma) 0r 2:8 
N11 ο ο ger Deng 

0m FS ΠΡ 02027 
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Sponge spicules, diatoms, etc. 


silt-sized detrital rock and 


Cn 
| 

00 
ο 


mineral fragments-quartz, feldspar, 
biotite, magnetite, hematite, 
microcrystalline chert; no cementa- 
em Beet: 

Lacking cementation, it is speculated that the overburden 
compressed the sediment forming the rock, There appears to 
be one possible explanation of how the pholads can burrow 
into this siliceous material, 1.e., they work loose the 


individual constituents rather than just bore through them. 


F. GENERAL DISCUSSION 

It is evident to anyone familiar with both the northern 
and southern intertidal coastlines of Monterey Bay that the 
southern region has a much more diversified fauna and flora 
as well as a much larger total biomass. A particularly im- 
portant result of this study is the discovery that Penitella 
penita is extremely common in the intertidal zone even to 
heights of 2+ m above MLLW. As mentioned previously, bi- 
valve borers are not found in the intertidal area of the 
southern part of Monterey Bay on the Monterey Peninsula, 
probably as a result of the granitic rock outcropping along 
the coast. 

A question discussed by biologists is whether the bi- 
αἱ ο οὓς boring chemically or mechanically. Warme et al. 
(1971) reported Adula californiensis and Lithophaga plumula 


boring into rock in the Scripps Canyon wall which contained 
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as little as 5$ calcium carbonate. This thesis presents 
the first analysis of rocks bored in Monterey Bay. The low 
values of C,CO, (Table VIII) give credance to the theory 
that bivalve boring is mechanical. A question yet to be 
answered is how they can Burrow into the siliceous chert 
which is evidently harder than their shell. 

The borers found in the intertidal regions in this 
study differ from those borers found by Addicott (1966) in 
the fossiliferous sandstone 5 meters above MLLW a short 
distance away. It is unknown whether this represents a truly 
different population due to environment or whether it is due 


to preservation pecullarity. 
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VI. OBSERVATIONS AND IMPORTANCE OF BORERS ON COASTAL EROSION 


Warme, er ala muepemted that the Scripps Submarine 
Canyon was today being eroded more by bioerosion than physi- 
cal and chemical erosion and weathering. They estimated the 
bioerosion of the canyon wall by all marine invertebrates at 
approximately 10 mm per year. Evans (1968c) did a detailed 
study of the erosion at Coos Bay, Oregon, where Penitella 
penita are very prevalent which showed the erosion to be 12 
millimeters per year. Reid (1907) estimated that the chalky 
subtidal benches off the Norfolk coast in England were 
eroding at the rate of 25 mm per year. | 

During the period of observations, several large blocks 
of chert at the primary reef site were broken loose by wave 
action resulting in a noticeable retreat of the upper chert 
layer in Sections IV and V towards the cliff. Blocks as 
large as 2 x 1 x 0.3 meters were observed to be broken loose 
and tossed up to the base of the cliff. In the five months 
of observations, the retreat amounted to in excess of 2 
meters, exposing substantial areas of the softer siltstone 
that had been bored on exposed edges by Penitella penita 
(Figure 31). It thus appears that the burrowing of the pho- 
lads hasten the erosion by causing weak spots in the rock 


upon which the waves could act more effectively. 
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Figure 12. Photo of sandstone terrace (Section III) on right 
amd. seecions IV and Von left. Photo is looking 


east across primary reef area. 





Figure 13. Photo of primary reef area looking from Section 
III across Seetions IV and’ V towards mudstone 


cliff. Photo shows relatively level but ir- 
regular surface of Section V. 
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Figure 14. Photo of Section V of primary reef area showing 
tidepools formed in chert. Note highly convo- 
luted and fractured nature of chert. 





Frgure 15. Photo of chert in Section V of primary reef area 
showing convoluted and fractured nature. Note 
concretion. | 
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Figure 16. Photo of Section V of primary reef area showing 
region of severe wave attack and area of flat 
siltstone (upper left hand corner of photo). 





Frgure 17. Photo of Section V of primary reef area showing 


area of severe erosion of chert, flat siltstone 
region, and tidepools in chert. 
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Figure 18. View of vertical face of primary reef area 
looking across eastern surge channel. 





Figure 18. View of vertical face of primary reef area as 
seen across western surge channel. Note concre- 
ton in center left side of photo. 
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Figure 20. View of flat intertidal area chosen for transect 
study area. 





Figure 21. View of transect study area showing tidepools 
at lower level, 
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Figure 22. View of rock in high region of transect study 
area showing fractured nature. 





Figure 23. View of rock in low region of transect study 
area showing unfractured nature. 
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Figure 24. View from top of cliff overlooking primary reef 
area showing method of quadrat marking on upper 
surface. 





Figure 25. View of primary reef area across eastern surge 
channel showing method of marking vertical faces. 
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Figure 26. Equipment used to determine elevations above 
Mean Lower Low Water (MLLW). 





Figure 27. Equipment used to search for rock borers. 
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pscure 28. 





View of massive Phragmatopoma californica 
colonies along western surge channel of 
section 7. 








Close-up of Phragmatopoma californica colony 
showing Pollicipes polymerus protruding through 
colony. 
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Figure 30. Photo showing dense cluster of Penitella penita 
(more than 10 individuals are visible). Cluster 
isgerss2x 15 em. area in -Section TIL of primary 
reef area with l cm of surface rock removed. 





Figure 31. Photo from area of severe erosion showing evidence 
! of pholad burrowing. 
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